In vivo Ca 2+ imaging of neuronal populations in deep cortical layers has remained a major challenge, as the recording depth of two-photon microscopy is limited because of the scattering and absorption of photons in brain tissue. A possible strategy to increase the imaging depth is the use of red-shifted fluorescent dyes, as scattering of photons is reduced at long wavelengths. Here, we tested the red-shifted fluorescent Ca 2+ indicator Cal-590 for deep tissue experiments in the mouse cortex in vivo. In experiments involving bulk loading of neurons with the acetoxymethyl (AM) ester version of Cal-590, combined two-photon imaging and cell-attached recordings revealed that, despite the relatively low affinity of Cal-590 for Ca
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2+ imaging of neuronal populations in deep cortical layers has remained a major challenge, as the recording depth of two-photon microscopy is limited because of the scattering and absorption of photons in brain tissue. A possible strategy to increase the imaging depth is the use of red-shifted fluorescent dyes, as scattering of photons is reduced at long wavelengths. Here, we tested the red-shifted fluorescent Ca 2+ indicator Cal-590 for deep tissue experiments in the mouse cortex in vivo. In experiments involving bulk loading of neurons with the acetoxymethyl (AM) ester version of Cal-590, combined two-photon imaging and cell-attached recordings revealed that, despite the relatively low affinity of Cal-590 for Ca 2+ (K d = 561 nM), single-action potential-evoked Ca 2+ transients were discernable in most neurons with a good signalto-noise ratio. Action potential-dependent Ca 2+ transients were recorded in neurons of all six layers of the cortex at depths of up to −900 μm below the pial surface. We demonstrate that Cal-590 is also suited for multicolor functional imaging experiments in combination with other Ca 2+ indicators. Ca 2+ transients in the dendrites of an individual Oregon green 1,2-bis(o-aminophenoxy)ethane-N,N,N′, N′-tetraacetic acid-1 (OGB-1)-labeled neuron and the surrounding population of Cal-590-labeled cells were recorded simultaneously on two spectrally separated detection channels. We conclude that the red-shifted Ca 2+ indicator Cal-590 is well suited for in vivo twophoton Ca 2+ imaging experiments in all layers of mouse cortex. In combination with spectrally different Ca 2+ indicators, such as OGB-1, Cal-590 can be readily used for simultaneous multicolor functional imaging experiments.
calcium imaging | neuronal activity | mouse cortical circuits | multicolor functional imaging I n vivo two-photon Ca 2+ imaging has greatly facilitated the study of neuronal activity at scales ranging from individual synapses to multicell neural circuits. A major part of its broad application spectrum stems from the large toolbox of constantly evolving Ca 2+ -sensitive fluorophores suitable for imaging in the intact brain (1) . Although genetically encoded Ca 2+ indicators (2-5) hold a great promise to boost in vivo Ca 2+ imaging even further, originally developed synthetic dyes (6) are still widely used and play a significant role for functional imaging because of their unique properties. These include rapid kinetics, a linear Ca 2+ response, and a high versatility for acute experiments, allowing the controlled, immediate staining of individual cells or cell populations in all brain areas accessible to two-photon imaging in many species (1). However, Ca 2+ imaging of neuronal populations in deeper cortical layers has remained a major challenge, as the recording depth of two-photon microscopy is limited because of scattering and absorption of photons in brain tissue (7, 8) . Thus, in vivo functional imaging, for example, with Oregon green 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA)-1 (OGB-1) in the mouse brain involving the multicell bolus loading method (9) , provides optimal results in depths not exceeding 300 μm below the pia. A possible strategy to increase the imaging depth is the use of red-shifted fluorescent dyes, as scattering of photons is reduced at long wavelengths (10) (11) (12) . Although optimized red-shifted genetically encoded Ca 2+ indicators are becoming increasingly available (3), red-shifted synthetic Ca 2+ indicators mostly suffer from serious limitations, including a low signal-to-noise ratio in the relevant range of Ca 2+ concentrations, slow kinetics, photobleaching, low solubility in aqueous solutions, or poor cellular dye retention (13) . Here, we report that Cal-590, a red-shifted variant of the recently described fluorescent Ca 2+ indicator Cal-520 (14) , greatly improved our ability to perform in vivo two-photon imaging of neuronal activity in all layers of the mouse cortex, down to layers 5 and 6 at depths of up to −900 μm below the pia.
Results
Cal-590-Based Ca 2+ Imaging in Cortical Layers 2/3 and 4. Cal-590 is a fluorescein-based Ca 2+ indicator with BAPTA fused into the xanthene fluorophore of fluorescein and a Ca 2+ binding affinity of K d = 561 nM (Materials and Methods). The single-photon excitation and emission peak wavelengths of Cal-590 are 570 and 590 nm, respectively. For the use of Cal-590 in in vivo two-photon experiments, we adapted components of a high-speed resonant scanner-based two-photon microscope (15) for measurements at long excitation wavelengths (>1,000 nm, Fig. 1A ) and determined the two-photon excitation spectrum of Cal-590 using a laser with a broad tuning range (680-1,300 nm; for details, see Materials and Methods). Within the range tested, Cal-590 had a maximum for two-photon excitation at wavelengths around 1,050-1,060 nm (Fig.  1B) . These wavelengths are well-suited for deep-imaging experiments, as they fall into the second near-infrared window (11), which is characterized by low levels of absorption and scattering of photons by blood, fat, and water. Conveniently, a subclass of the ytterbium fiber lasers operates at wavelengths centered around 1,050 nm (12) . These lasers are relatively inexpensive and powerful and generally do not require water cooling.
Significance
We introduce a two-photon imaging method with improved depth penetration for the recording of neuronal activity with single-cell resolution in the intact brain of living animals. This method relies on the use of the fluorometric Ca 2+ -sensitive dye Cal-590, which is effectively excited by infrared light (1,050 nm). By combining population Ca 2+ imaging and electrical recordings in vivo, we demonstrate that neuronal activity can be monitored in all six layers of the mouse cortex. In combination with spectrally different Ca 2+ indicators, Cal-590 can be used for the simultaneous imaging of neuronal activity in distinct neuronal populations.
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The authors declare no conflict of interest. We first used the acetoxymethyl (AM) ester version (16) of Cal-590 for bulk-loading (9) of layer 2/3 neurons in the mouse visual cortex. Fig. 1C shows that the somata of stained neurons had a characteristic ring-shape appearance arising from a lower fluorescence level in the nucleus compared with the surrounding cytoplasm. We analyzed the spontaneous activity of these neurons by combining high-speed two-photon Ca 2+ imaging (500 frames/s) and cell-attached recordings and found that Ca 2+ transients were invariably associated with spike activity. Remarkably, despite the relatively low affinity of Cal-590 for Ca 2+ , single-action potential-evoked Ca 2+ transients were discernable with a good signal-to-noise ratio ( Fig. 1C) and had rapid rise (<2 ms) and decay times (Fig. 1D) . In general, the quality of the recordings was at least as good as that obtained when using OGB-1 AM (9, 17, 18) (Fig. S1 ). Recordings with comparable signal-tonoise ratios were readily obtained from layer 4 neurons when staining the cortical tissue locally at depths of −450 to −520 μm ( Fig. 1 E and F) . It is important to note that Cal-590 stained not only neurons but also astrocytes, as indicated by experiments in which we used counter labeling with sulforhodamine 101 (19) (Fig. S2) .
Cal-590-Based Ca 2+ Imaging in Individual Layer 5 Neurons. We next characterized action potential-evoked Ca 2+ dynamics in individual layer 5 pyramidal neurons ( Fig. 2A ) filled with Cal-590 via electroporation, using the shadow-patching approach (20) . As expected from the distinct surface-to-volume ratios in different cellular compartments, the time-course of action potential-associated Ca 2+ transients was much more rapid in the dendrites than in the cell bodies. For example, in the apical trunk ( Fig. 2B ) about 100 μm above the soma, the decay time-constant determined from the analysis of single-action potential-evoked Ca 2+ transients was 21.9 ms in this example ( Cal-590 were linearly related to the number of action potentials both in dendrites and somata (Fig. 2E) .
Neuronal Population Imaging in Deep Cortical Layers 5 and 6. For deep imaging of neuronal populations, it was important to restrict the Cal-590 staining as much as possible to the cortical layer of interest to minimize out-of-focus fluorescence from more superficial layers (7) . Such out-of-focus fluorescence of the overlying neuropil causes a massive degradation of the signal quality and prevents the accurate detection of action potentialevoked Ca 2+ transients. Fig. 3 A-D illustrates two experiments with recordings obtained in layer 5 (−665 μm) and layer 6 (−870 μm), respectively. As expected from previous electrophysiological studies (21, 22) , especially the activity levels of layer 5, neurons were more pronounced than those of layer 2/3 neurons. In cellattached patch-clamp recordings combined with two-photon Ca 2+ imaging (Fig. 3E) , we found that the sensitivity of our imaging measurements at a depth of −740 μm was nearly as good as that obtained in the upper cortical layers. Fig. 3F shows that, as for single neurons loaded with Cal-590 via electroporation, the amplitudes of the Ca 2+ transients linearly reported the number of action potentials.
Dual-Color Functional Ca 2+ Imaging. In addition to experiments that make use of the improved depth penetration, Cal-590-based imaging can be combined with the imaging of other Ca 2+ indicators and used for simultaneous dual-fluorophore experiments (Fig. 4) . Here, we show an example in which we imaged a population of deep layer 4 neurons that was bulk-labeled with Cal-590 AM. In the same field of view, we electroporated an individual neuron with OGB-1. Ca 2+ transients were recorded separately in the Cal-590-stained neuronal population and the OGB-1-stained single neuron by exciting sequentially with 1,050 and 920 nm, respectively (Fig. 4 A and B) . The recordings of somatic Ca 2+ transients in the population recordings (Fig. 4A) , as well as the recording in the dendrites of the OGB-1-stained neuron (Fig. 4B) , had good signal-to-noise ratios, with virtually no cross-talk between the two indicator dyes. Conveniently, it turned out that simultaneous imaging also was feasible when using the intermediate wavelength of 1,000 nm to excite both Cal-590 and OGB-1 (Fig. 4 C-G) . In this experiment, the emission light was split at 565 nm and recorded with two separate detectors (see Materials and Methods for more details). Fig.  4G shows that both recording channels, the red one for Cal-590 and green one for OGB-1, delivered well-separated Ca 2+ transients with good signal-to-noise ratios for the somatic responses in multiple cells, as well as for the dendritic ones in the OGB-1-stained neuron, respectively.
Discussion
More than a decade after the initial description of the multicell bolus loading method (9), we now introduce an approach of in vivo two-photon Ca 2+ imaging of neuronal networks with improved depth penetration. By using the red-shifted low-affinity (10-12). Although numerous nonfunctional fluorescent probes were developed and successfully used to image neuronal morphologies at higher cortical depths, the synthesis of an efficient long-wavelength Ca 2+ indicator dye to measure rapid neuronal activity has remained a challenge, as discussed extensively by Oheim et al. (13) . For example, one of the early red-shifted Ca 2+ indicators, calcium orange (23), was successfully used in an in vitro Drosophila photoreceptor preparation (24) , although in isolated cardiac cells its performance was quite poor compared with, for example, OGB-1 (25) . In neuronal preparations, calcium orange was hardly usable in brain slices (13) or under in vivo conditions. Similar difficulties were encountered with calcium orange in zebrafish two-photon imaging recordings (26) . More recently, newly developed red-shifted fluorescent Ca The analysis of distinct subsets of neurons often requires multicolor experiments, in which spectrally different fluorescent probes can label specific groups of cells (32) . For example, Ca 2+ imaging of activity in GFP-expressing cortical interneurons (33) was achieved with fura-2, a Ca 2+ indicator that emits light at shorter wavelengths than GFP (e.g., ref. 1). Another well-known and widely used example is the combination of the glia-specific marker sulforhodamine 101 and OGB-1-based imaging of neuronal activity (19 2+ indicators were made in vitro, measuring the fluorescence of fura-red and fluo-3 using one-photon excitation (34, 35) . One-photon brain-surface imaging of population activity was used in vivo for combined recordings of neuronal Ca 2+ responses and voltage changes in experiments, in which the mouse somatosensory cortex was stained with both OGB-1 and voltage-sensitive dyes (36, 37) . Recently, two-photon Ca 2+ imaging, involving the dye CaRuby-Nano, was combined with the monitoring of the fluorescent glutamate sensor iGluSnFR (31) . We now demonstrate that Cal-590 can be used simultaneously with OGB-1 by showing an example in which the Ca 2+ activity in the dendrites of a selected neuron was monitored in the context of the activity of directly surrounding neurons in vivo (Fig. 4) .
In conclusion, Cal-590-based two-photon Ca 2+ imaging adds essential new elements to the current toolbox available for the in vivo functional brain analysis. The method is particularly versatile, as it can be readily used in acute experiments in the cortical region of choice without the need to use potentially toxic viral transfection procedures. The method has limitations that are characteristic for the use of synthetic indicator dyes, such as its inapplicability for long-term imaging experiments of genetically defined cell populations. Its advantages include rapid kinetics and the linearity of the Ca 2+ signals. The high temporal resolution may be especially useful for the analysis of highly active cells such as layer 5 excitatory pyramidal neurons (21) . Finally, the range of applications of Cal-590-based Ca 2+ imaging may be enhanced when using it in combination with other deep-imaging techniques, such as regenerative amplifiers (38) , adaptive optics (39), or lasers with three-photon excitation capabilities (40) , extending further the potential to gain insight into neuronal network activity in regions previously inaccessible to functional two-photon imaging studies in vivo.
Materials and Methods
Surgery. All experimental procedures were performed in accordance with institutional animal welfare guidelines and were approved by the state government of Bavaria, Germany. C57BL/6 mice (postnatal days 29-39) of both sexes were prepared for in vivo imaging and electrophysiological recordings under isoflurane [1.5% (vol/vol) in O 2 ] anesthesia. Biomonitoring was applied, and the mouse was kept at 37.5°C with a heating pad. After applying local anesthesia (2% xylocaine) and analgesia (metamizole, 200 mg/kg), the skull was exposed. A custom-made recording chamber was attached, and a craniotomy was performed to expose the left visual cortex. After surgery, the mouse was transferred into the two-photon imaging setup, and isoflurane anesthesia was reduced to 0.9% in O 2 . During imaging experiments, the craniotomy was perfused with 37.5°C solution containing, in mM, 125 NaCl, 4.5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , 20 glucose at pH 7.4. Temperature and breathing rate of anesthetized mice were monitored continuously.
Two-Photon Imaging Setup and Recording Parameters. Two-photon Ca 2+ imaging was performed with a custom-built setup, with all optical components adapted to an optimum performance at wavelengths ranging from 800 to 1,300 nm. Fluorescence excitation light was delivered by a tunable pulsed infrared laser (InSight DeepSee; Spectra-Physics), with a pulse width below 120 fs and a repetition rate of 80 MHz, offering a spectral range from 680 to 1,300 nm. The prechirper included in the laser system allowed for dispersion compensation. The laser intensity under the objective lens was controlled by a laser modulator (POLYTEC GMBH) applicable at a wavelength range from 700 to 1,300 nm. A beam expander (BE02M-B; Thorlabs, Inc.) was used to slightly underfill the back aperture of the objective lens, keeping the balance between the smallest possible spot size and the lowest attenuation of excitation photons passing the objective lens at high incident angles (41) . The scanning unit (Cambridge Technology, Inc.) was based on a resonant scanning mirror with a resonance frequency of 12 kHz to scan the fast axis and a standard galvanometric mirror for scanning the slow axis. The scanning beam was directed to the scan lens (AC508150BML, wavelengths: 650-1,050 nm, or AC508150CML, wavelengths: 1,050-1,620 nm; Thorlabs, Inc.) and entered an upright microscope (BX51WI, adapted for better transmission in the infrared region). The laser power under the water-immersion objective used (40×, NA 0.8, Nikon Corporation) ranged from 60 to 170 mW. The maximum laser power of 170 mW was used to image dendrites with OGB-1 at a depth of 520 μm with an excitation wavelength of 920 nm. The deep-imaging data with Cal-590 were acquired with laser power values up to 160 mW in layer 6 at a wavelength of 1,050 nm. The dichroic mirror (HC 775 LP; AHF) reflected wavelengths of 350-760 nm and transmitted 790-1,600 nm. To separate the emission of Cal-590 and OGB-1 in dual-color experiments, a second dichroic mirror (T 565 LPXR; AHF), reflecting 425-555 nm and transmitting 570-650 nm, was combined with additional emission filters: for Cal-590, a 620-nm bandpass filter (620/60 ET; AHF), and for OGB-1 a 550-nm short-pass filter (Edmund Optics). For fluorescence detection, two H7422P-40MOD photomultiplier tubes (Hamamatsu) or, alternatively, a hybrid photo detector R7110U-40 (Hamamatsu), together with a DHPCA-100 amplifier (FEMTO Messtechnik GmbH), were used.
Single-cell activity in Fig. 2 was recorded with a frame rate of 500 Hz (240 × 48 pixels). For population recordings in Figs. 1, 3 , and 4, the imaging frame rate was set to 80 Hz (450 × 300 pixels). The overview images of the neuronal populations in Fig. 3 B and D were recorded with 40 Hz (600 × 600 pixels), whereas the images and recordings in the double-labeling experiment were taken at 80 Hz. The dendritic imaging in Fig. 4 was performed at 200 Hz (360 × 120 pixels). Z-stack images of the labeled neuron or the neuronal population were obtained with a step size of 0.5 μm, at an imaging frame rate of 40 Hz (600 × 600 pixels), by recording 40 images at each focal plane. Data acquisition was controlled by custom-made software written in LabVIEW 2014 (National Instruments) (15) . . The tip of a borosilicate glass pipette was filled with 5 μL dye and immersed into the saline solution-filled recording chamber of the two-photon setup. The fluorescence emitted by two-photon excitation was collected for wavelengths ranging from 850 up to 1,000 nm in 25-nm steps and from 1,000 to 1,100 nm in 10-nm steps. The excitation power level at each wavelength was adjusted to 12 mW under the objective throughout the experiment. No photobleaching was observed during the entire experiment.
Dye Loading. For electroporation of single neurons, Cal-590 potassium salt was dissolved in a solution containing, in mM, 135 K-Gluconate, 4 KCl, 10 Hepes, 10 Na 2 Phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP at pH 7.4. A 5-7-MΩ borosilicate glass pipette was filled with dye and guided close to the desired cortical cell with the shadow-patching approach (20) . For electroporation, two squared current pulses (270 nA, 30 ms) were applied to the pipette, using a NPI amplifier (ELC-01MX and TMR-02M; NPI Electronic GmbH). Measurements were started 1 h after the labeling procedure.
For multicell bolus loading (43) , 50 μg Cal-590 AM was dissolved in 4 μL DMSO + 20% pluronic-127 and diluted to a final concentration of 500 μM with solution containing, in mM, 150 NaCl, 2.5 KCl, 10 Hepes at pH 7.4. Threeto 5-MΩ pipettes were pulled from borosilicate glass capillaries (Hilgenberg GmbH) with a vertical puller (PC-10; Narishige Co., Ltd.). Pipettes were stained with BSA Alexa Fluor 594 conjugate (44) (0.2% in PBS; Life Technologies), filled with dye solution, and inserted with a 38°-39°angle into the cortex under two-photon imaging guidance. At the desired depths, a pressure pulse (1 min, 150-270 mbar) was applied to the pipette to eject the dye solution (9) . Alternatively, an unstained pipette was filled with the Cal-590 solution described earlier, with the addition of 100 μM Alexa Fluor 700 (Life Technologies). Measurements were performed 1 h after the labeling procedure.
Electrophysiology. Cell-attached patch-clamp recordings were made with a HEKA EPC9 amplifier. After loading a neuron with Cal-590, the electroporation pipette was retracted, and a new pipette was inserted along a similar track for loose-cell-attached recordings of the loaded cell. The pipette had a resistance between 5 and 6 MΩ and contained 12.5 or 25 μM Alexa Fluor 594 dissolved in solution containing, in mM, 125 NaCl, 4.5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , 20 glucose at pH 7.4. When reaching the targeted neuron, a seal of 20-50 MΩ was established.
Data Analysis. Imaging and electrophysiology data were analyzed using custom-written procedures in LabVIEW 2014 (National Instruments) and MATLAB R2014b (Mathworks). The average pixel intensity of a manually drawn region of interest (ROI) was extracted from each imaging frame to acquire an absolute fluorescence intensity signal. Differences of the background fluorescence level were corrected by subtracting the average intensity (of 30 s recording time at the respective frame rate of 40-500 Hz) of a ROI in an unstained region of the image from the neuronal ROI. Relative changes of the Ca 2+ -dependent fluorescence (ΔF/F) were calculated by dividing the average pixel intensity of the respective ROI by a baseline value F, corresponding to the mean of the lowest 20% of the ROI intensity values acquired during the entire 30-s recording. The kinetics of Ca 2+ transients were calculated from ΔF/F values of unfiltered 500-Hz imaging data. Linear and single exponential fits were applied using MATLAB. To analyze the relationship between the number of action potentials and Ca 2+ transient amplitudes, Ca 2+ transients associated with high-frequency (>20 Hz) trains of one to six action potentials were identified and accepted for analysis if followed by a quiet interval of >100 ms. The ΔF/F value was determined by subtracting the baseline (average of data points during 50 ms before the transient) from the corresponding peak values (average of data points during 10 ms after the maximum). For visualization, ΔF/F-traces were smoothed with an exponentially weighted filter (45) (time constant = 35 ms), except when noted that the traces were not filtered. Average images and side projections of z-stack recordings were generated with ImageJ (National Institutes of Health; free online access at rsbweb.nih.gov/ij/). The illustration of an electroporated neuron in Fig. 2A was reconstructed from an in vivo z-stack recording with the Simple Neurite Tracer plugin in ImageJ and edited with Photoshop CS5 (Adobe) for display purposes. Also for display purposes, image contrast adjustments and recoloring were performed with ImageJ and Photoshop CS5. Figures were created with Illustrator CS5 (Adobe).
